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Abstract: In this note we present benchmark scenarios for resonant double Higgs produc-
tion at the 13 TeV LHC in the 2HDM+S model and the Z3 Next-to-Minimal Supersymmet-
ric Standard Model (NMSSM), which may be accessible with 300 fb−1 of data. The NMSSM
Higgs sector can be mapped onto the 2HDM+S. We show benchmark points and relevant
parameter planes in the 2HDM+S for three sets of signatures: (A → h125a, H → h125h),
(A→ ah,H → hh,H → aa), and (H → h125h125). The first two signatures are optimized
in what we call Z-Phobic scenarios where H/A decays into final states with Z bosons are
suppressed. The last signature, h125 pair production, is directly proportional to the mis-
alignment of h125 with the interaction states sharing the couplings of a SM Higgs boson,
and hence is presented in the Max Misalignment scenario. We also present two NMSSM
benchmark points for the (A → h125a, H → h125h) signatures. The benchmark scenarios
presented here are based on Refs. [1, 2].
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1 Introduction
In this note we present benchmark scenarios for resonant double Higgs production at the
13 TeV LHC in the 2HDM+S and the Next-to-Minimal Supersymmetric Standard Model
(NMSSM). We refer the reader to Ref. [1] for a detailed description of the 2HDM+S, in
Sec. 2 we give only a brief summary of the most important aspects of the 2HDM+S before
presenting benchmark scenarios for resonant double Higgs production. Some recent work
on resonant pair production of SM-like Higgs bosons in 2HDMs and the pMSSM can also
be be found in Refs. [3, 4].
In Sec. 3 we present benchmark scenarios for double Higgs production in the Z3
NMSSM, previously published in Ref. [2]. The 2HDM+S constitutes a generalized ver-
sion of the NMSSM’s Higgs sector, see Ref. [1] for a mapping of both the general and the
Z3 NMSSM to the 2HDM+S. Additional benchmark scenarios for double Higgs production
in the NMSSM have e.g. been published in Ref. [5].
2 The 2HDM+S
We consider an extension of the Standard Model (SM) with a Higgs sector comprised
of two SU(2)-doublets and a complex gauge singlet scalar, dubbed the 2HDM+S. Such
an extended Higgs sector is of high interest since it constitutes a generalized version of
the Next-to-Minimal Supersymmetric Standard Model’s (NMSSM’s) Higgs Sector. For
a detailed description of the 2HDM+S, its phenomenology, and the mapping to both the
general and the Z3 NMSSM, see Ref. [1]. We will only reproduce the portion of the analysis
from Refs. [1, 2] relevant for the description of the benchmark scenarios presented here.
We will assume a type-II Yukawa structure for the coupling of the Higgs bosons to SM
fermions, as is expected in generic supersymmetric theories. Note that for the purposes
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Figure 1: Illustration of resonant double Higgs production in the 2HDM+S. The Φi stand
for any of the neutral Higgs bosons. Note that CP conservation requires either all three
states to be CP-even (e.g. H → h125h) or two of the states to be CP-odd and the third to
be CP-even (e.g. A→ h125a).
of this note, we consider the low tanβ regime (in particular, we present benchmarks for
fixed tanβ = 2.5), where a different choice for the Yukawa structure would yield similar
numerical results.
The scalar sector of the 2HDM+S is comprised of 6 physical states,
{h125 , h , H} , {a , A} , H± . (2.1)
The first three are the neutral CP-even states, a and A are the two CP-odd neutral states,
and H± is the charged Higgs. Of the CP-even states, h125 is identified with the SM-like
125 GeV state observed at the LHC, and the remaining states are order by their masses,
mh < mH . Likewise, ma < mA.
It is useful to write the neutral Higgs states in terms of the interaction states of the
extended Higgs basis [6–13]
hi = S
SM
hi
HSM + SNSMhi + S
S
hi
, (2.2)
for the CP-even states hi = {h125, h,H}, and
ai = P
NSM
ai A
NSM + P SaiA
S , (2.3)
for the CP-odd states ai = {a,A}. In a type-II Yukawa structure, the coupling of the Higgs
basis eigenstates to pairs of SM particles can be written as
HSM (up, down,VV) = (gSM, gSM, gSM) , (2.4)
HNSM (up, down,VV) = (−gSM/ tanβ, gSM tanβ, 0) , (2.5)
HS (up, down,VV) = (0, 0, 0) , (2.6)
ANSM (up, down,VV) = (gSM/ tanβ, gSM tanβ, 0) , (2.7)
AS (up, down,VV) = (0, 0, 0) , (2.8)
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where “up” (“down”) stands for pairs of up-type (down-type) SM fermions, “VV” for pairs
of massive vector bosons, and gSM is the coupling of a SM Higgs boson to such particles.
The parameter space of the 2HDM+S can be intuitively described in terms of the
physical masses
mh125 , mH , mh , mA , ma , mH± , (2.9)
the mixing angles
SNSMh125 , S
S
h125 , S
S
H , P
S
A , (2.10)
the vacuum expectation values (vevs) of the 2 doublets and the singlet, which we parame-
terize by
v , tanβ , vS , (2.11)
10 independent trilinear couplings between the interaction states of the extended Higgs
basis
{gHSMHNSMHNSM , gHSMHSHS , gHSMASAS},
{gHNSMHNSMHNSM , gHNSMHNSMHS , gHNSMHSHS , gHNSMASAS},
{gHSHSHS , gHSANSMAS , gHSASAS} .
(2.12)
and 4 independent quartic couplings
{λHNSMHNSMHSHS , λHNSMHNSMASAS , λHSHSASAS , λASASASAS}. (2.13)
All couplings, in particular the remaining trilinear couplings which play an important role
for resonant double Higgs production, are fixed in terms of the above parameters.
Let us comment on the sign conventions we use for the mixing angles. The conventions
are particularly relevant when reconstructing the full mixing matrix of the CP-even states
from our input parameters {SNSMh125 , SSh125 , SSH}. Assuming no CP violation, the mixing
matrix can be written ash125H
h
 =
 c12c13 s12c13 s13−s12c23 − c12s23s13 c12c23 − s12s23s13 s23c13
s12s23 − c12c23s13 −c12s23 − s12c23s13 c23c13

 HSMHNSM
HS
 , (2.14)
where s12 ≡ sin θ12, etc. In order to obtain all of the entries of the mixing matrix, we use
the following identifications:
• s13 = SSh125 ,
• c13 =
√
1− s213 ,
• s12 = SNSMh125 /c13 ,
• c12 =
√
1− s212 ,
• s23 = SSH/c13 ,
• c23 =
√
1− s223 .
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Thus, we choose sgn(cij) ≥ 0 everywhere. However, since the sij can take both signs
(depending on the signs of the inputs {SNSMh125 , SSh125 , SSH}), we can explore all possible con-
figurations of the mixing angles by varying the signs of the input values.
The SM-like nature of the observed 125 GeV state is achieved in the 2HDM+S by
enforcing approximate alignment
{(SNSMh125 )2, (SSh125)2}  1 , (2.15)
and fixingmh125 ≈ 125 GeV. Of particular interest for LHC phenomenology is the alignment-
without-decoupling limit, where A and H remain relatively light. Then, the structure of
the potential enforces the couplings between pairs of SM-like states and a non SM-like
Higgs, gh125h125H , to vanish, since in this limit [1]
{gHSMHSMHNSM , gHSMHSMHS} → 0 (2.16)
For the purposes of this note, we are interested in resonant double Higgs production
channels such as (gg → Φi → Φj + Φk), cf. Fig. 1, where the Φi stand for any of the
neutral Higgs bosons. Thus, we consider the charged Higgs to be sufficiently heavy such
that it will not affect the decays of the neutral states, e.g. mH± > 1 TeV. Further, we note
that (Φi → ZΦj) decays give rise to search channels for the 2HDM+S complimentary to
(Φi → Φj + Φk) channels, cf. Ref. [1]. CP-conservation allows decays into pairs of Higgs
bosons only if they are of the type (hi → hjhk), (hi → ajak), or (ai → hjak), while decays
into a Z and a Higgs boson must be of the type (hi → Zaj) or (ai → Zhj). Further,
decays into pairs of either Z or W gauge bosons are only allowed for the CP-even states,
(hi → ZZ/W+W−). The corresponding partial widths are given by
Γ (Φi → ΦjΦk) =
g2ΦiΦjΦk
16pimΦi
(
1
1 + δjk
)√√√√√1− 2m2Φj +m2Φk
m2Φi
+
(
m2Φj −m2Φk
)2
m4Φi
, (2.17)
Γ(Φi → ZΦj) =
(
CNSMΦi C
NSM
Φj
)2
32pi
m2Z
mΦiv
2

(
m2Φi −m2Φj
)2
m2Z
− 2
(
m2Φi +m
2
Φj
)
+m2Z

×
√√√√√1− 2m2Φj +m2Z
m2Φi
+
(
m2Φj −m2Z
)2
m4Φi
, (2.18)
Γ(hi → ZZ) =
(
SSMhi
)2
m4Z
16pimhiv
2
(
3− m
2
hi
m2Z
+
m4hi
4m4Z
)√
1− 4m
2
Z
m2hi
, (2.19)
Γ(hi →W+W−) =
(
SSMhi
)2
m4W
8pimhiv
2
(
3− m
2
hi
m2W
+
m4hi
4m4W
)√
1− 4m
2
W
m2hi
, (2.20)
where we use CJΦ to refer to the mixing angles for both the CP-even and the CP-odd mass
eigenstates Φ with mass mΦ; for example, C
NSM
Φ = S
NSM
hi
or PNSMai depending on context.
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For partial widths into pairs of SM fermions, see Ref. [1]. The trilinear couplings between
the Higgs mass eigenstates are given by
ghihjhk =
∑
Hl
∑
Hm
∑
Hn
SH
l
hi
SH
m
hj
SH
n
hk
gHlHmHn ,
ghiajak =
∑
Hl
∑
Am
∑
An
SH
l
hi
PA
m
aj P
An
ak
gHlAmAn ,
(2.21)
where the gHlHmHn and gHlAmAn are the couplings between the interaction states of the
Higgs basis. The exact expressions for these trilinear couplings can be found in App. B
of Ref. [1]. Note that all trilinear couplings involving at least a pair of HSM states, e.g.
gHSMHSMHNSM , as well as the couplings gHSMHNSMHS and gHSMANSMHS are proportional
to the entries of the scalar mass matrices, which are in turn determined by the physical
masses and the mixing angles. The scale of most of the remaining couplings, in particular
the couplings gHNSMHSHS , gHNSMASAS , and gHSANSMAS , which will become important in
Sec. 2.1.3, is set by v.
In the limit of perfect alignment, the relevant couplings for decays into one SM-like
and one non SM-like state, i.e. (H → h125h) and (A→ h125a), can be written as
gh125Hh =
SNSMH S
S
H√
2v
{[
1− 2(SSH)2
] (
m2H −m2h
)
+
√
2v g˜H
}
, (2.22)
gh125Aa =
PNSMA P
S
A√
2v
{[
1− 2(P SA)2
] (
m2A −m2a
)
+
√
2v g˜A
}
, (2.23)
where we have defined
g˜H ≡ (gHSMHSHS − gHSMHNSMHNSM) , (2.24)
g˜A ≡ (gHSMASAS − gHSMANSMANSM) . (2.25)
The scale of the trilinear couplings entering g˜H and g˜A is set by v. Since (H → h125h)
and (A → h125a) decays require sizable mass splittings between H and h or A and a,
respectively, we expect the contribution of the g˜H to gh125Hh and g˜A to gh125Aa to be
sub-dominant, unless (SSH)
2 ≈ 0.5 [(P SA)2 ≈ 0.5].
As mentioned above, decays into pairs of h125’s (i.e. H → h125h125) are suppressed by
alignment. To leading order in misalignment, and assuming SNSMh125 ≈ −SSMH , the relevant
coupling can be approximated as
gh125h125H ∼ (SSMh125)2SNSMH gHSMHSMHNSM + (SSMh125)2SSHgHSMHSMHS
− SSMh125SNSMh125
[
SSMh125gHSMHSMHSM − 2SNSMH gHSMHNSMHNSM
]
+ 2SSMh125
[(
SNSMh125 S
S
H + S
S
h125S
NSM
H
)
gHSMHNSMHS + S
S
h125S
S
HgHSMHSHS
]
.
(2.26)
The couplings in the first line, gHSMHSMHNSM and gHSMHSMHS , are proportional to the en-
tries of the mass matrix corresponding to HSM−HNSM and HSM−HS mixing, respectively.
Thus, they vanish in the alignment limit. The contributions in the second and third line
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are proportional to trilinear couplings which are not suppressed by alignment, but their
respective contribution to gh125h125H all have coefficients of either S
NSM
h125
or SSh125 , and are
thus likewise suppressed by alignment. Hence, as noted above, gh125h125H = 0 for perfect
alignment.
Note that rather small departures from alignment can have considerable impact on the
gluon fusion production cross section for H. At low to moderate values of tanβ, the gluon
fusion production cross section is proportional to the coupling of H to pairs of top quarks,
gHtt¯ ∝ (−SNSMH / tanβ + SSMH ). Thus, even relatively small variations of the value of SSMH
can lead to large changes in σ(ggH).
The mixing angle between the non SM-like states, SSH and P
S
A are not experimen-
tally constrained by the observed phenomenology of h125. However, large values of (S
S
H)
2
and (P SA)
2 suppress the production cross sections of H and A, respectively, and are thus
challenging to probe at the LHC.
The trilinear couplings relevant for the decays (H → hh), (H → aa), and (A → ha)
are governed by free trilinear couplings between the Higgs basis interactions states and are
thus not related to entries in the mass matrices. In our parameterization of the 2HDM+S,
they are free parameters.
In summary, the branching ratios of (H → h125h125/ZZ/W+W−) and (A → Zh125)
decays are suppressed by the SM-like nature of h125. Decays into a SM-like mode and a light
non SM-like mode (H → h125h, A→ h125a), or into two light non SM-like states (H → hh,
H → aa, H → ha) are not suppressed and can potentially have large branching ratios in
the 2HDM+S. The detailed discussion of the various couplings and branching ratios can
be found in Ref. [1]. In the following we will present benchmark scenarios optimizing all
three types of decays.
As discussed above, we consider the low to moderate tanβ regime here, in particular
we fix tanβ = 2.5 for all benchmark scenarios. The dominant production mechanism for
the Higgs bosons at the LHC is then gluon fusion, which we will focus on in the following.
Note in particular that vector-boson-fusion production of the non SM-like Higgs bosons
is suppressed by approximate alignment. This is because of the Higgs basis interaction
eigenstates, only HSM couples to pairs of massive vector bosons at tree level. Further,
the benchmarks presented here are meant to portray only the prospects of exploring the
2HDM+S parameter space using double Higgs production. The regions displayed do not
take into account bounds/projections for direct searches for additional Higgs bosons beyond
h125, such as (gg → Φi → ττ) etc.
Finally, we observe that while in 2HDM’s A and H are approximately mass degenerate,
their masses are a priori less tightly correlated in the 2HDM+S. For example, large mass
splittings can be achieved via different mixing angles SSH and P
S
A. Hence when showing
the planes for the benchmark scenarios, we show the effect of varying both mA and mH
independently as labeled on the plots.
Computations of the cross sections for the benchmark values for the 2HDM+S make use
of gluon fusion Higgs production cross sections and SM Higgs branching ratios taken from
– 6 –
Ref. [14], which we rescale by the appropriate mixing angles and tanβ.1 For the NMSSM
benchmarks, particle spectra, reduced couplings, and branching ratios are computed with
NMSSMTools [26–30].
2.1 Z-Phobic Scenarios:
In this sections, we propose benchmark scenarios for (gg → Φi → ΦjΦk) production at
the LHC. By choosing relatively small mixing angles between the non SM-like states,
{(SSH)2, (P SA)2}  1, we consider a region of parameter space where (Φi → ZΦj) decays
are suppressed and hence (Φi → ΦjΦk) is enhanced. We dub these the Z-Phobic scenarios.
Further, we assume perfect alignment, forbidding decays such as (H → h125h125) and
(A→ Zh125). Note that deviations from perfect alignment to a degree allowed by current
data would have only minor impact on the decays of the heavy Higgs bosons into non SM-
like states, but as mentioned previously could impact the gluon fusion production cross
section of H in a relevant way. We will show production cross sections at the LHC as
well as projections for the reach with 300 fb−1 of data in various planes of interest in the
parameter space.
The projected sensitivity of the LHC for the decays (H → h125h) and (A → h125a)
depends on the final state decay of h/a. Assuming perfect alignment, the decays of h/a
into SM fermions proceed via their NSM components, and for low values of tanβ are close
to what is expected of a SM-like Higgs of the same mass. However, if there are additional
Majorana fermions χi, e.g. dark matter candidates, which couple to the Higgs bosons via
a coupling gΦiχjχk
L ⊃ ghiχjχk
2(1 + δjk)
hiχ¯jχk +
gaiχjχk
2(1 + δjk)
aiχ¯jγ5χk , (2.27)
a and h could decay invisibly. The corresponding partial width is given by
Γ(Φi → χjχk) =
(
2
1 + δij
)
g2Φiχjχk
16pi
mΦi
[
1−
(
mχj +mχk
)2
m2Φi
](1+γ) [
1−
(
mχj −mχk
)2
m2Φi
](1−γ)
,
(2.28)
where γ = 1/2 (γ = −1/2) for a CP-even (CP-odd) Φi. Here, we will present two scenarios:
Either, we choose ghχ1χ1 = gaχ1χ1 = 0, which can also be interpreted as a “pure” 2HDM+S
without additional states χi, or, we choose ghχ1χ1 = gaχ1χ1 = 2.5 ≈
√
2pi close to the
largest values allowed by perturbativity, such that (h → χ1χ1) and (a → χ1χ1) will be
the dominant decay mode of h and a.2 Note that for the purposes of this note, we treat
1We use the NNLO+NNLL YR4 BSM 13 TeV cross sections [14] as input, which we rescale by the
appropriate mixing angles and tanβ. We have cross-checked the numerical results with an implementation
of the 2HDM+S in SusHi-1.7.0 [15–25]. For CP-even states our rescaled cross sections agree with the
SusHi results within a few percent, an error much smaller than the renormalization and matching scale
uncertainties. For CP-odd states, we found differences as large as ∼ 10− 20 %. This is due to our rescaling
using leading-order loop factors for the conversion to the CP-odd gluon fusion cross section, cf. Ref. [1].
2The couplings of the remaining mass eigenstates, h125, H, and A, to additional fermions χi are set to
zero throughout this note.
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the gΦiχjχk as free parameters, see e.g. Ref. [31] for a discussion of such couplings in the
context of consistent dark matter phenomenology.
In the first two columns of Table 1 we present benchmark scenarios for (H → h125h)
and (A→ h125a) resonant production. Depending on the couplings gΦiχ1χ1 , these scenarios
result in the daughter Higgs bosons decaying either visibly (2b) or invisibly ( ET ). We set
all the free trilinear couplings between the interaction states, listed in Eq. (2.12), to zero,
cf. the discussion below Eq. (2.22). The third column corresponds to a scenario where we
choose non-zero values for the free trilinear couplings, in particular gHNSMHSHS , gHNSMASAS ,
and gHSANSMAS , which are most relevant for (H → hh), (H → aa), and (A→ ha) decays,
respectively. For this latter benchmark, we do not include the decays of h and a in the
results presented here, thus, there is no need to fix the couplings of h and a to χ1.
We have chosen heavy Higgs bosons with masses of 700 GeV, such that they are heavy
enough to have evaded detection so far, but are light enough to have sizable production
cross section at the 13 TeV LHC. The singlet components for both of them, (SSH)
2 and
(P SA)
2, are fixed to 0.1, such that the gluon fusion production cross section is not unduly
suppressed and decays into Z are disfavored. For the low values of tanβ considered here,
the dominant decay mode for the heavy Higgs bosons out of the decays into pairs of SM
particles would be to tt¯, which is challenging to probe at the LHC [32–39]. The masses of
the mostly singlet-like a and h are set to 200 GeV, light enough for the heavy Higgs bosons
to readily decay to them. The mass of the additional dark matter candidate χ1 is set to
50 GeV. The trilinear couplings are not expected to be relevant unless very large, as can
be seen from Eq. (2.22), hence we set them to 0 for the first two benchmarks.
2.1.1 Z-Phobic: h125+Visible (H → h125a and A→ h125h)
In Figs. 2 and 4 we show the variation in the final state cross-section when changing the
values of the parameters listed in Table 1. Here and in the all the plots, the parameters
held fixed to benchmark values are portrayed in each plot label. The coupling of h/a to
possible dark matter particles χ1 is set to 0, hence, this benchmark scenario can also be
interpreted as a “pure” 2HDM+S without the addition of the state χ1. The contours and
color shading show the cross-section, and the gray shaded region denotes the region where
the LHC is expected to probe this scenario with 300 fb−1 of data in the 4b channel; we take
the projected sensitivity from Ref. [40]. The dashed black lines denote cross-sections which
are a factor of two smaller than the projected reach. The sensitivity in the 2b2γ channel
is expected to be similar [40]. Note that the cross sections shown in the figures do not
include h125 branching ratios, which are taken to be the SM values, hence sensitivities for
different h125 decay modes can be easily compared. The red stars denote the benchmark
point defined in Table 1. Note that we treat the sensitivities independently for H and A.
In Fig. 2 we show the variations in (gg → A→ h125a) and in Fig. 3 the most relevant
branching ratios for this channel. The most relevant quantities for this cross-section are
the pseudoscalar mixing angle and masses shown in the two top left panels. The observed
strong suppression for maximally mixed ANSM−AS originates from the suppression of the
relevant trilinear coupling in that region, cf. Eq. (2.22). The main effect of varying mA
is in the gluon fusion production cross section, which results in an overall scaling of the
– 8 –
Z-Phobic Visible (2b) Invisible ( ET ) Double Singlet
mH [GeV] 700
mA [GeV] 700
mh [GeV] 200
ma [GeV] 200
mχ [GeV] 50
tanβ 2.5
(SSH)
2 0.1
(P SA)
2 0.1
gΦiχ1χ1 0 2.5 –
gHNSMHSHS [GeV] 0 174
gHNSMASAS [GeV] 0 174
gANSMHNSMHS [GeV] 0 174
σ(ggH) [pb] 0.13
σ(ggA) [pb] 0.19
BR(H → h125h) 0.30 0.29
BR(H → hh) 0 0.0094
BR(H → aa) 0 0.0094
BR(H → Za) 0.45 0.44
BR(A→ h125a) 0.28 0.27
BR(A→ ha) 0 0.018
BR(A→ Zh) 0.42 0.41
BR(h→ χ1χ1) 0 1.00 –
BR(h→ bb¯) 0.94 0.00 –
BR(a→ χ1χ1) 0 1.00 –
BR(a→ bb¯) 0.94 0.00 –
Table 1: Z-Phobic benchmark scenarios. Perfect alignment is assumed, and all free
trilinear couplings not listed above, cf. Eq. (2.12), are set to 0.
cross sections shown. We further note that the LHC loses sensitivity as a approaches the tt¯
threshold. Above the top threshold and for low values of tanβ, a will decay preferentially
to top quark pairs, cf. Fig. 3. It is interesting to note that in such a case, the final
state signature will be tt¯h125, and the cross section may be of the same order as the
tt¯h125 associated production cross section in the SM. To the best of our knowledge, no
projections exist for this final state. However, it seems possible to get stringent constraints
in this case by demanding that the top pairs reconstruct to ma, combined with the demand
that ma +mh125 = mA.
The dependence on the scalar mixing angles and masses is due to the correlated decays
of (A → Zh/H), cf. Fig. 3. Since the coupling (A → Zh/H) is proportional to the NSM
component of h/H, cf. Eq. (2.17), the observed decrease in sensitivity for (A→ h125a) with
increasing NSM component of the scalars can be easily understood. Similarly, as the h/H
– 9 –
become heavier, Zh/H channels are not kinematically accessible, and hence the sensitivity
for (A → h125a) increases. Therefore, the dark regions shown in the bottom four panels
and top two right panels of Fig. 2 should be understood to denote regions mainly driven by
where the (A→ Zh/H) decay is sufficiently suppressed so as to not impact the sensitivity
to the (A→ h125a) channel.
Fig. 4 shows the variations in (gg → H → h125h) and Fig. 5 the most relevant brach-
ing ratios. The same qualitative behavior for the cross-sections and LHC sensitivities is
observed as in Fig. 2, with the obvious interchange of the masses and mixing angles for
the scalars and pseudoscalars. The overall reduction in LHC sensitivities/cross sections
can be understood from the fact that even for mA = mH , the gluon fusion production
cross section for the scalar H can be almost a factor of 2 smaller than the production cross
section for the pseudoscalar A.
As can be seen from these plots, the LHC will be sensitive to large regions of the
parameter space in this scenario, even with only 300 fb−1 of data. However, we stress
that whereas more data will certainly lead to the exploration of a larger region of allowed
parameters, to optimize coverage, complimentary and correlated search channels such as
(A→ Zh) and (H → Za) should be utilized as well.
– 10 –
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Figure 2: Cross sections and projected LHC sensitivities with 300 fb−1 of data for (gg →
A → h125a → 4b) in the planes of the relevant masses and mixing angles. The color scale
and contours denote cross-sections as labeled by the color bars. The dark shaded regions
denote the region where the cross section is larger than the projected sensitivity of the
LHC. The dashed black lines denote cross sections a factor of two smaller. The red stars
indicate the benchmark point from the first column in Table 1.
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Figure 3: Most relevant branching ratios for (gg → A → h125a → 4b) searches in planes
of the relevant masses and mixing angles. The color scale denotes cross-sections as labeled
by the color bars. The red stars indicate the benchmark point from the first column in
Table 1.
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Figure 4: Cross sections and projected LHC sensitivities with 300 fb−1 of data for (gg →
H → h125h→ 4b) in the planes of the relevant masses and mixing angles. The color scale
and contours denote cross-sections as labeled by the color bars. The dark shaded regions
denote the region where the cross section is larger than the projected sensitivity of the
LHC. The dashed black lines denote cross sections a factor of two smaller. The red stars
indicate the benchmark point from the first column in Table 1.
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Figure 5: Most relevant branching ratios for (gg → H → h125h → 4b) searches in planes
of the relevant masses and mixing angles. The color scale denotes cross-sections as labeled
by the color bars. The red stars indicate the benchmark point from the first column in
Table 1.
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2.1.2 Z-Phobic: h125+Invisible (H → h125a and A→ h125h)
In Figs. 6 and 7 the variation in the final state cross-sections and the related LHC sensitiv-
ities, taken from Ref. [41], are portrayed for the same channels as in the previous section,
but with a large values of ghχ1χ1 = gaχ1χ1 = 2.5, such that BR(h/a → χ1χ1) ≈ 1. The
cross-sections shown and their behavior are very similar to what was shown/discussed in
the Sec. 2.1.1. However, somewhat smaller regions of parameter space are with in the pro-
jected sensitivity of the LHC. The cut-off for ma/h < 100 GeV is due to fact that we fixed
mχ1 = 50 GeV, hence, there decays of a/h into pairs of χ1 are kinematically forbidden.
While the LHC sensitivity is reduced compared to the Visible scenario presented in
the previous section, upcoming runs of the LHC could still probe sizable regions of this
scenario’s parameter space.
– 15 –
400 600 800 1000
mA [GeV]
0.0
0.2
0.4
0.6
0.8
1.0
(P
S A
)2
mH = 700.0 GeV
ma = 200.0 GeV
mh = 200.0 GeV
mχ1 = 50.0 GeV
(SSH)
2 = 0.1
gHSMHSHS = gHSMHNSMHNSM
gHSMASAS = gHSMANSMANSM
gaχ1χ1 = 2.5
tan β = 2.5
≤ 10−5
10−4
10−3
10−2
0.1
≥ 1
σ
[g
g
→
A
→
h
12
5
+
(a
→
χ
1χ
1)
]
[p
b
]
400 600 800 1000
mA [GeV]
0.0
0.2
0.4
0.6
0.8
1.0
(S
S H
)2
mH = 700.0 GeV
ma = 200.0 GeV
mh = 200.0 GeV
mχ1 = 50.0 GeV
(P SA)
2 = 0.1
gHSMHSHS = gHSMHNSMHNSM
gHSMASAS = gHSMANSMANSM
gaχ1χ1 = 2.5
tan β = 2.5
≤ 10−5
10−4
10−3
10−2
0.1
≥ 1
σ
[g
g
→
A
→
h
12
5
+
(a
→
χ
1χ
1)
]
[p
b
]
0 200 400 600
ma [GeV]
0.0
0.2
0.4
0.6
0.8
1.0
(P
S A
)2
mA = 700.0 GeV
mH = 700.0 GeV
mh = 200.0 GeV
mχ1 = 50.0 GeV
(SSH)
2 = 0.1
gHSMHSHS = gHSMHNSMHNSM
gHSMASAS = gHSMANSMANSM
gaχ1χ1 = 2.5
tan β = 2.5
≤ 10−5
10−4
10−3
10−2
0.1
≥ 1
σ
[g
g
→
A
→
h
12
5
+
(a
→
χ
1χ
1)
]
[p
b
]
0 200 400 600
ma [GeV]
0.0
0.2
0.4
0.6
0.8
1.0
(S
S H
)2
mA = 700.0 GeV
mH = 700.0 GeV
mh = 200.0 GeV
mχ1 = 50.0 GeV
(P SA)
2 = 0.1
gHSMHSHS = gHSMHNSMHNSM
gHSMASAS = gHSMANSMANSM
gaχ1χ1 = 2.5
tan β = 2.5
≤ 10−5
10−4
10−3
10−2
0.1
≥ 1
σ
[g
g
→
A
→
h
12
5
+
(a
→
χ
1χ
1)
]
[p
b
]
400 600 800 1000
mH [GeV]
0.0
0.2
0.4
0.6
0.8
1.0
(P
S A
)2
mA = 700.0 GeV
ma = 200.0 GeV
mh = 200.0 GeV
mχ1 = 50.0 GeV
(SSH)
2 = 0.1
gHSMHSHS = gHSMHNSMHNSM
gHSMASAS = gHSMANSMANSM
gaχ1χ1 = 2.5
tan β = 2.5
≤ 10−5
10−4
10−3
10−2
0.1
≥ 1
σ
[g
g
→
A
→
h
12
5
+
(a
→
χ
1χ
1)
]
[p
b
]
400 600 800 1000
mH [GeV]
0.0
0.2
0.4
0.6
0.8
1.0
(S
S H
)2
mA = 700.0 GeV
ma = 200.0 GeV
mh = 200.0 GeV
mχ1 = 50.0 GeV
(P SA)
2 = 0.1
gHSMHSHS = gHSMHNSMHNSM
gHSMASAS = gHSMANSMANSM
gaχ1χ1 = 2.5
tan β = 2.5
≤ 10−5
10−4
10−3
10−2
0.1
≥ 1
σ
[g
g
→
A
→
h
12
5
+
(a
→
χ
1χ
1)
]
[p
b
]
0 200 400 600
mh [GeV]
0.0
0.2
0.4
0.6
0.8
1.0
(P
S A
)2
mA = 700.0 GeV
mH = 700.0 GeV
ma = 200.0 GeV
mχ1 = 50.0 GeV
(SSH)
2 = 0.1
gHSMHSHS = gHSMHNSMHNSM
gHSMASAS = gHSMANSMANSM
gaχ1χ1 = 2.5
tan β = 2.5
≤ 10−5
10−4
10−3
10−2
0.1
≥ 1
σ
[g
g
→
A
→
h
12
5
+
(a
→
χ
1χ
1)
]
[p
b
]
0 200 400 600
mh [GeV]
0.0
0.2
0.4
0.6
0.8
1.0
(S
S H
)2
mA = 700.0 GeV
mH = 700.0 GeV
ma = 200.0 GeV
mχ1 = 50.0 GeV
(P SA)
2 = 0.1
gHSMHSHS = gHSMHNSMHNSM
gHSMASAS = gHSMANSMANSM
gaχ1χ1 = 2.5
tan β = 2.5
≤ 10−5
10−4
10−3
10−2
0.1
≥ 1
σ
[g
g
→
A
→
h
12
5
+
(a
→
χ
1χ
1)
]
[p
b
]
Figure 6: Cross sections and projected LHC sensitivities with 300 fb−1 of data for (gg →
A→ h125a→ 2b+ ET ) in the planes of the relevant masses and mixing angles. The color
scale and contours denote cross-sections as labeled by the color bars. The dark shaded
regions denote regions where the cross sections exceeds the projected LHC sensitivity. The
dashed black lines denote cross sections a factor of two smaller. The red stars indicate the
benchmark point from the second column in Table 1.
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Figure 7: Cross sections and projected LHC sensitivities with 300 fb−1 of data for (gg →
H → h125h→ 2b+ ET ) in the planes of the relevant masses and mixing angles. The color
scale and contours denote cross-sections as labeled by the color bars. The dark shaded
regions denote regions where the cross sections exceeds the projected LHC sensitivity. The
dashed black lines denote cross sections a factor of two smaller. The red stars indicate the
benchmark point from the second column in Table 1.
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2.1.3 Z-Phobic: Double Singlet Scenario (H → hh, H → aa, and A→ ha)
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Figure 8: Cross sections as denoted by color bars for (gg → A → ha; first row), (gg →
H → aa; second row), and (gg → H → hh; third row) in the planes of the most relevant
masses and trilinear couplings. The red stars indicate the benchmark point from the third
column in Table 1.
To the best of our knowledge, no projections for the sensitivity of resonant hh, aa, or
ha production exist. Hence, we present only the cross section for our benchmark scenario
here. We have chosen conservative values for the trilinear couplings. We show the variation
in the cross-section as a function of the most relevant couplings and masses for each of these
channels in Fig. 8. The three rows in the figure denote the three different channels. We
have not taken into account the branching ratios of the daughter states h or a, since these
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Figure 9: Most relevant branching ratios for (A→ ha; first row), (H → aa; second row),
and (H → hh; third row) searches in the planes of the most relevant masses and trilinear
couplings. The red stars indicate the benchmark point from the third column in Table 1.
are arbitrarily controlled by the possibility of decays into missing energy.
Note that unlike (H → h125h) and (A → h125a) discussed previously, the decays
(H → hh), (H → aa), and (A → ha) considered here are essentially governed by the
free trilinear couplings between the Higgs basis interaction states as well as the masses
of the particles involved in each process. In Fig. 9 we show the most relevant branching
ratios for such processes. For each channel (i.e. the different rows), we show the branching
ratio corresponding to the signal channel in the left panel, while the right panel shows the
corresponding branching ratio into a Z boson and an h or a.
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From Fig. 8 we see that the production cross-section for these channels can easily be
O(100) fb, which may be explored at the LHC.
2.2 Max Misalignment Scenario: H → h125h125
mH [GeV] 700
mA [GeV] 1000
mh [GeV] mH − 100 GeV = 600
ma [GeV] 950
SNSMh125 0.2 0.2 −0.2 −0.2
SSh125 0.5 −0.5 0.5 −0.5
SSH 0.3
gHSMHSMHSM = 3M2S,11/
√
2v [GeV] 1800 1400 1400 1800
gHSMHSMHNSM = 3M2S,12/
√
2v [GeV] 1500 480 −480 −1500
gHSMHSMHS =M2S,13/
√
2v [GeV] 340 −680 680 −340
gHSMHNSMHS =M2S,23/
√
2v [GeV] −560 −370 −370 −560
σ(ggH) [pb] 0.96 0.018 0.36 0.097
BR(H → h125h125) 0.032 0.35 0.15 0.016
BR(H → ZZ) 0.23 0.20 0.13 0.31
BR(H →WW ) 0.46 0.40 0.26 0.63
Table 2: Benchmark Scenario for (gg → H → h125h125) resonant h125 pair production.
Of the parameters not listed, tanβ = 2.5, and all free trilinear couplings, cf. Eq. (2.12)
are set to 0. The relevant trilinear couplings are computed from the scalar squared mass
matrix, M2S , obtained from the given values of the masses and mixing angles.
In this section, we present benchmark scenarios for resonant pair production of SM-like
Higgs bosons in the 2HDM+S. Note that here we compare the production cross section to
current exclusion limits from the 13 TeV LHC in the 4b final state taken from Refs. [42–
45] and in the 2b2γ final state taken from Refs. [46–48]. Projections for 300 fb−1 may
be obtained by rescaling the limit with the increased luminosity. In the CP-conserving
2HDM+S, the only resonant production mechanisms at the LHC are (pp→ H → h125h125)
and (pp → h → h125h125). We focus on the former process, benchmark scenarios for the
latter channel can be obtained by interchanging the values of the relevant mixing angles.
The SM production of h125 pairs (including interference effects) is not expected to be
relevant in the region of parameter space considered here.
As discussed in Sec. 2, the branching ratios of H and h into pairs of SM-like Higgs
states are suppressed by the proximity to alignment. For our benchmark scenario, we con-
sider the most optimistic case of approximately maximal misalignment allowed by current
LHC constraints on the couplings of the observed SM-like state [49–53]. Approximately,
these measurements allow a HNSM component of (SNSMh125 )
2 . 0.05 and a HS component
of (SSh125)
2 . 0.3. In Table 2 we show the parameters for our benchmark points. In the
interest of maximizing the (H → h125h125) cross section, we have fixed the masses of h and
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a such that (H → hh), (H → aa), and (H → h125h) decays are kinematically forbidden.
All free trilinear couplings between the Higgs basis interaction states (i.e. those not related
to mixing angles and masses) are set to 0. The dominant effect of the mixing angle SSH is
an overall suppression of the gluon fusion production cross section of H. One expects that
the mixing angle SSh125 would have minimal effect since its main impact is to suppress the
total h125 width, however, since the coupling gh125h125H is a sum of small factors, signs can
play a very relevant role. Hence, we present benchmark scenarios for the different possible
combinations of the signs of the relevant mixing angles. The mass of the heavy Higgs boson
is chosen to be mH = 700 GeV for reasons similar to the ones for the previous benchmarks.
The mass of h for the benchmark points is chosen to be 600 GeV such that decays of H into
the other Higgs channels discussed in the previous sections are forbidden. When varying
mH in the plots, mh will be varied as (mh = mH − 100 GeV). Note that the choice of mh
has considerable impact on the relevant trilinear couplings which are computed from the
masses and mixing angles. Our choice of the masses of the pseudoscalar states ensures that
(H → Za) decays (and similar channels) are kinematically forbidden, but otherwise plays
no role for (H → h125h125). Thus, we fix the masses to mA = 1 TeV and ma = 950 GeV.
Fig. 10 demonstrates how the resonant h125 pair production cross section changes as a
function of the mass of the non SM-like Higgs boson mH and the relevant mixing angles.
Gray regions are already excluded by current LHC data from (gg → H → h125h125)
searches, taken from Refs. [42–48]. The dashed lines indicate where the cross section is
a factor of two smaller than current limits, which may be expected to be probed with
300 fb−1 of data. We also indicate regions of parameter space ruled out by current searches
in the gg → H → ZZ channel [54–62] by the orange shaded regions, and regions ruled out
by (gg → H → WW ) searches [63–69] by the red shaded regions. The red stars indicate
the benchmark points in Table 2. Depending on the relative signs of the mixing angles, the
benchmark points may either be already marginally excluded (top and bottom panels on
the right), or, may be challenging to probe even with high luminosity. It is interesting to
note that for some regions of parameter space, bounds from resonant h125 pair production
give stronger constraints on the mixing angles of h125 then the precision measurements of
the production cross sections and branching ratios of h125. We also stress that decays of
(H → ZZ/W+W−) are only proportional to the SM component of H and hence directly
to SNSMh125 . Therefore more robust constraints on the misalignment of h125 could be obtained
by combining such searches. We show the most relevant branching ratios of H in the
mH–S
NSM
h125
plane in Fig. 11, and in the mH–S
S
H plane in Fig. 12.
In Fig. 13 we show the production cross section together with the constraints from
current (gg → H → h125h125), (gg → H → ZZ), and (gg → H → WW ) searches together
with the most relevant branching ratios of H and h125 in the plane of the H
S and HNSM
component of the SM-like mass eigenstate h125.
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Figure 10: Production cross section and and current LHC limits for (gg → H → h125h125)
in the plane of the heavy Higgs boson mH and various relevant mixing angles. The colored
contours denote the total cross-section according to the color bar label. Gray shaded
regions are excluded by current (gg → H → h125h125) LHC searches. Black dashed lines
label cross sections which are a factor two smaller than the current sensitivity, and hence
may be expected to be probed with 300 fb−1 of data. Red [orange] shaded area denote
regions ruled out by current (gg → H →WW ) [(gg → H → ZZ)] LHC searches. The red
stars indicate the benchmark points presented in Table 2.
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Figure 11: Most relevant branching ratios as labeled by the colorbar for (gg → H →
h125h125) searches in the mH–S
NSM
h125
plane. For all plots SSh125 = 0.5. For plots in the
left column SSh125 = 0.3, while in the right column S
S
h125
= −0.3. The red stars indicate
the benchmark points presented in Table 2. Note that we do not show the (H → WW )
branching ratio, its scaling with the mass and the mixing angle is identical to BR(H → ZZ).
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Figure 12: Most relevant branching ratios as labeled by the colorbar for (gg → H →
h125h125) searches in the mH–S
S
H plane. For all plots S
NSM
h125
= 0.2. For plots in the left
column SSh125 = 0.5, while in the right column S
S
h125
= −0.5. The red stars indicate
the benchmark points presented in Table 2. Note that we do not show the (H → WW )
branching ratio, its scaling with the mass and the mixing angle is identical to BR(H → ZZ).
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Figure 13: Top row: Production cross section and current LHC limits for (gg → H →
h125h125; gray), (gg → H →WW ; red), (gg → H → ZZ; orange) in the SSh125–SNSMh125 plane.
Rows 2–4: Most relevant branching ratios of H and h125 as indicated by the colorbar in
the SSh125–S
NSM
h125
plane for SSH = 0.3, as in the left panel of the top row. The red stars
indicate the benchmark points presented in Table 2. Note that while we do not show
the (h125 → ττ) branching ratio, its scaling with the mixing angles is identical to that of
BR(h125 → bb¯; bottom left panel), since both of them are down-type fermions.– 25 –
3 NMSSM Benchmarks
As mentioned earlier, the 2HDM+S is a generalized version of the Next-to-Supersymmetric
Standard Model’s (NMSSM’s) Higgs sector. In Ref. [1] we presented the mapping of both
the general and the Z3 NMSSM to the 2HDM+S. The NMSSM benchmarks presented
below are a subset of Z3 NMSSM benchmarks recently published in Ref. [2]. We reproduce
the relevant information here.
In Table 3 we present the NMSSM parameters and mass spectra, in Table 4 the signal
strengths, and in Table 5 the most relevant production cross sections and branching ratios
for two Benchmark Points, BP1 and BP2. A description of the most important features of
the benchmark points can be found below. The benchmark points were chosen as examples
of points which are simultaneously within the projected reach of resonant double Higgs
search channels with 3000 fb−1 and difficult to detect with conventional search strategies.
• BP1: Mono-Higgs
• BP2: Higgs+visible
The benchmark points presented here feature Higgs mass eigenstates approximately
aligned with the Higgs basis interaction eigenstates. In particular, they show very small
doublet-doublet mixing |SNSMh125 | < 0.01 as required by the observed phenomenology of the
125 GeV SM-like state. The doublet-singlet mixing can take somewhat larger values; among
the two benchmark points we find the largest mixing angle for BP1 (SSh125 = 0.117).
This proximity to the alignment limit is ensured by the values of λ and κ/λ close to
what is dictated by the alignment conditions, cf. Refs. [2, 13, 41], and is found to be a
generic feature of the allowed NMSSM parameter space we scanned. Note also that for both
benchmark points, all non-SM states have masses larger than mh125/2. Therefore, h125 can
only decay into pairs of SM particles. Together with the approximate alignment of h125
with HSM, this ensures compatibility of the h125 phenomenology with LHC observations.
For both benchmark points, the lighter non SM-like CP-even state h and the lighter
CP-odd state a are mostly singlet-like, while the heavier states H and A are dominantly
composed of the non SM-like doublet interaction states HNSM and ANSM, respectively.
The mass spectra for the benchmark points are chosen such that the non SM-like
doublet-like states H and A are heavy enough to be difficult to detect in conventional
searches ({mA,mH} & 350 GeV) but light enough such that they are readily produced at
the LHC. Hence both BP1 and BP2 feature masses of the doublet-like states of mA ∼
mH ∼ 700 GeV. In order to allow for sufficiently large mass gaps necessary for resonant
double Higgs production, the mass of the singlet-like pseudo-scalar states has been chosen
considerably lighter than the mass of the doublet-like states, ma ∼ 200 GeV for BP1, and
ma ∼ 160 GeV for BP2. Further, while BP1 features similar singlet masses h and a, BP2
has much larger mass splittings. The corresponding singlet-like scalar masses are mh ∼
165 GeV for BP1, and mh ∼ 560 GeV for BP2. Regarding the lightest neutralino, BP1
features mχ1 ∼ 100 GeV, whereas BP2 features a much heavier neutralino mχ1 ∼ 500 GeV.
Regarding the branching ratios important for resonant double Higgs production, we
first note that the branching ratio of heavy Higgs bosons into pairs of SM-like Higgs bosons
– 26 –
BP1 BP2
Mono-Higgs Higgs+visible
λ 0.602 0.602
κ −0.281 0.347
tanβ 2.73 1.40
µ [GeV] −193 −466
Aλ [GeV] −784 −270
Aκ [GeV] −200 26.3
MA [GeV] 639 732
MQ3 [TeV] 7.66 7.78
mh125 [GeV] 127 128
mh [GeV] 165 561
mH [GeV] 648 750
ma [GeV] 205 168
mA [GeV] 662 749
(SSh125)
2 1.34× 10−2 3.96× 10−3
(SSh)
2 0.972 0.986
(SSH)
2 1.41× 10−2 9.78× 10−3
(P SA)
2 5.92× 10−2 3.93× 10−3
mχ1 [GeV] 102 486
mχ2 [GeV] 212 494
mχ3 [GeV] 292 572
Table 3: NMSSM parameters and mass spectra for our benchmark points. BP1: Mono-
Higgs, BP2: Higgs+visible. The first block from the top shows the parameters used as
input parameters in NMSSMTools {λ, κ, tanβ, µ,Aλ, Aκ,MQ3} where the first 6 parameters
are those appearing in the scalar potential, and MQ3 = MU3 is the stop mass parameter
which controls the radiative corrections to the scalar mass matrices. For the convenience
of the reader we also record the value of MA. The remaining parameters are fixed to
M1 = M2 = 1 TeV, M3 = 2 TeV, At = µ cotβ, Ab = µ tanβ, and all sfermion mass
parameters (except MQ3 = MU3) are fixed to 3 TeV. The second block shows the mass
spectrum of the Higgs sector, and the third block values of the singlet components of the
non SM-like Higgs bosons. In particular, these blocks contain the masses of the CP-odd
states a and A and the mixing angle in the CP-odd sector P SA. In the fourth block we
record the masses of the three lightest neutralinos. Since we set the bino and wino mass
parameters to M1 = M2 = 1 TeV, the two heaviest neutralinos χ4 and χ5 are bino- and
wino-like with masses mχ4 ≈ mχ5 ≈ 1 TeV, while the three lightest neutralinos, χ1, χ2,
and χ3, are Higgsino- and singlino-like.
or a SM-like Higgs and a Z boson is suppressed due to the proximity to alignment as
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BP1 BP2
Mono-Higgs Higgs+visible V
max
[
µ300 fb
−1
Proj. (Resonant Higgs production)
]
1.04 0.442
max
[
µ<37 fb
−1
Curr.Lim.(conventional)
]
8.76× 10−3 8.03× 10−3
Mono-Higgs Channels
µ300 fb
−1
Proj. (gg → H → h125h→ γγχ1χ1) – –
µ300 fb
−1
Proj. (gg → A→ h125a→ γγχ1χ1) 1.04 –
Higgs+visible Channels
µ300 fb
−1
Proj. (gg → H → h125h→ bb¯bb¯) 9.93× 10−2 5.85× 10−6
µ300 fb
−1
Proj. (gg → A→ h125a→ bb¯bb¯) 2.83× 10−2 0.442
Table 4: LHC signal strengths for the benchmark points BP1 and BP2 defined in
Table 3. In the first two rows we record the signal strength projected at the LHC
for L = 300 fb−1 of data in the dominant resonant double Higgs production channel,
max
[
µ300 fb
−1
Proj. (Resonant Higgs production)
]
, and the largest signal strength in the conven-
tional channels. max
[
µ<37 fb
−1
Curr.Lim.(conventional)
]
. See Ref. [2] for details. In the remaining
rows, we record the projected signal strength at the LHC for L = 300 fb−1 of data in the
respective final states arising through resonant double Higgs productions.
discussed earlier, see also Refs. [1, 13, 41]. For all benchmark points, we find
BR(H → h125h125) {BR(H → h125h),BR(A→ h125a)},
BR(A→ Zh125) {BR(A→ Zh),BR(H → Za)}.
Additionally we note that branching ratios of the heavy non-SM like doublets into
either h125 or Z and an additional singlet like state are generally comparable. This leads
to multiple channels that may be probed at the LHC for each benchmark point, as discussed
in detail below.
BP1 - Mono-Higgs
This benchmark point features a Higgs spectrum with comparable masses of the singlet-
like states a and h, ma = 205 GeV and mh = 165 GeV. The heavier states A and H are
mostly composed of ANSM and HNSM, respectively, and are approximately mass degenerate
with mA ≈ mH ≈ 650 GeV. The Higgsino mass parameter has a value of µ = −193 GeV,
and κ = −0.281, leading to 2|κ|/λ = 0.93. Thus, the lightest neutralino χ1 is mostly
singlino-like but has sizable Higgsino components. Its mass is mχ1 = 102 GeV, allowing
for (a → χ1χ1) decays but not for (h → χ1χ1) decays. The second-lightest neutralino
χ2 is dominantly Higgsino-like with a mass of mχ2 = 212 GeV ≈ |µ|, while χ3 is mostly
Higgsino-like but has a sizable singlino component and a mass of mχ3 = 292 GeV.
Due to their singlet-like nature, the direct production cross sections of a and h are
much smaller than those of a SM Higgs boson of the same mass, rendering them beyond
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BP1 BP2
Mono-Higgs Higgs+visible
σ(gg → h) [pb] 7.10× 10−2 1.7× 10−4
BR(h→ τ+τ−) 1.74× 10−2 3.06× 10−5
BR(h→ bb¯) 0.151 2.15× 10−4
BR(h→ tt¯) – 9.34× 10−4
BR(h→ γγ) 4.32× 10−5 1.31× 10−6
BR(h→ ZZ) 1.77× 10−2 6.16× 10−2
BR(h→W+W−) 0.812 0.128
BR(h→ χ1χ1) – –
σ(gg → H) [pb] 0.134 0.239
BR(H → τ+τ−) 8.66× 10−4 1.82× 10−4
BR(H → bb¯) 6.02× 10−3 1.41× 10−3
BR(H → tt¯) 0.281 0.961
BR(H → γγ) 2.29× 10−6
BR(H → ZZ) 7.31× 10−5 6.51× 10−4
BR(H →W+W−) 1.50× 10−4 1.33× 10−3
BR(H → χ1χ1) 6.66× 10−2 –
BR(H → χ1χ2) 0.107 –
BR(H → χ2χ3) 0.110 –
BR(H → hh) 2.46× 10−3 –
BR(H → hh125) 0.102 6.08× 10−3
BR(H → h125h125) 1.73× 10−3 8.56× 10−4
BR(H → aa) 2.47× 10−3 1.01× 10−4
BR(H → Za) 0.308 2.69× 10−2
σ(gg → a) [pb] 0.195 8.36× 10−2
BR(a→ τ+τ−) 1.58× 10−3 9.05× 10−2
BR(a→ bb¯) 1.32× 10−2 0.797
BR(a→ γγ) 6.20× 10−6 5.60× 10−3
BR(a→ χ1χ1) 0.985 –
σ(gg → A) [pb] 0.175 0.336
BR(A→ τ+τ−) 8.37× 10−4 1.60× 10−4
BR(A→ bb¯) 5.84× 10−3 1.18× 10−3
BR(A→ tt¯) 0.350 0.973
BR(A→ γγ) 4.39× 10−6 7.95× 10−6
BR(A→ χ1χ1) 0.102 –
BR(A→ χ3χ3) 0.112 –
BR(A→ ha) 3.31× 10−3 2.69× 10−4
BR(A→ h125a) 0.304 1.88× 10−2
BR(A→ Zh) 8.40× 10−2 4.00× 10−3
BR(A→ Zh125) 5.61× 10−4 2.86× 10−4
Table 5: Gluon fusion production cross sections at the
√
s = 13 TeV LHC, σ(gg → Φ), as
well as the most relevant branching ratios for the non SM-like Higgs bosons Φ = {h,H, a,A}
for the benchmark points BP1 and BP4 defined in Table 3.
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the reach of conventional search channels at the LHC which rely on direct production of
a or h. The dominant decay modes of h are into pairs of b-quarks, and, facilitated by its
(small) doublet component, into pairs of W -bosons. The singlet-like pseudo-scalar on the
other hand is kinematically allowed to decay into pairs of neutralinos (a→ χ1χ1). Because
χ1 has sizable singlino as well as Higgsino components, such decays proceed via both of
the NMSSM’s large couplings λ and κ, rendering the corresponding branching ratio large,
BR(a→ χ1χ1) = 0.985.
The heavier (doublet-like) CP-even state H mostly decays into pairs of top quarks,
neutralinos, and, most relevant for resonant double Higgs production, via (H → hh125) and
(H → Za). The cross section (gg → H → hh125) is not large enough for it to be within
reach of the Higgs+visible search modes. However, facilitated by the sizable branching
ratios of (H → Za) and (a → χ1χ1), this benchmark point is within the projected reach
of mono-Z searches, µ3000 fb
−1
Proj. (gg → H → Za → `+`−χ1χ1) = 1.73 at the LHC with
3000 fb−1 of data [2].
The heavier (doublet-like) CP-odd state A mostly decays into pairs of top quarks,
neutralinos, and through the (A → h125a) channel. The sizable branching ratio of the
latter decay mode, BR(A → Zh125) = 0.304, together with the large branching ratio
corresponding to (a → χ1χ1) decays leads to a large projected signal strength in mono-
Higgs searches via the corresponding decay chain, µ300 fb
−1
Proj. (gg → A→ h125a→ γγχ1χ1) =
1.04.
Neither H nor A have large branching ratios into pairs of SM states except into pairs
of top quarks, rendering them very difficult to detect by conventional searches.
BP2 - Higgs+visible
Benchmark point BP2 features a Higgs spectrum with a large split between the masses of
the singlet-like states a and h, ma = 168 GeV and mh = 561 GeV. The heavier doublet-
like states A and H are almost mass degenerate, mA ≈ mH ≈ 750 GeV. The Higgsino
mass parameter takes much larger absolute value than for BP1, µ = −466 GeV. Further,
κ also has a larger absolute value than for BP1, κ = 0.347, leading to 2|κ|/λ = 1.15.
Thus, the two lightest neutralinos, χ1 and χ2, are mostly Higgsino like and approximately
mass degenerate, mχ1 = 486 GeV and mχ2 = 494 GeV. The third-lightest neutralino, χ3,
is mostly composed of the singlino and has a mass of mχ3 = 572 GeV. Note that because
|2|κ|/λ − 1| is larger than for BP1, the Higgsino and singlino mass parameters are split
further for BP2 than for BP1, leading to much smaller singlino-Higgsino mixing. Further,
because of the relatively large masses of the neutralinos, none of the Higgs bosons are
kinematically allowed to decay into pairs of neutralinos.
Similar to BP1, the large singlet components of a and h lead to direct production cross
sections at the LHC much smaller than those of SM Higgs bosons of the same mass. Thus,
they are out of reach of conventional search strategies. The dominant decay mode of the
CP-even state h is into pairs of W -bosons and pairs of the much lighter singlet-like CP-odd
state, BR(h → aa) = 0.740. The CP-odd state a decays mostly into pairs of b-quarks
with a branching ratio of BR(a → bb¯) = 0.797. It also has a sizable branching ratio into
τ -leptons, BR(a→ τ+τ−) = 0.0905.
– 30 –
The heavier (doublet-like) CP-even state H predominantly decays into pairs of top
quarks. Because of the small value of tanβ compared to BP1, (H → h125h) decays,
which are mostly controlled by the (HSMHNSMHS) coupling, are suppressed. The largest
branching ratio of H relevant for non standard Higgs decays is BR(H → Za) = 0.0269.
However, this branching ratio is not sufficiently large to put BP2 within reach of Z+visible
searches where the projected signal strength with 3000 fb−1 of data is only µ3000 fb
−1
Proj. (gg →
H → Za→ `+`−χ1χ1) = 0.136 [2].
Similar to H, the CP-odd doublet-like state A mostly decays into pairs of top quarks.
The largest branching ratio relevant for resonant double Higgs production is BR(A →
h125a) = 0.0188. This decay mode is mostly controlled by the (H
SMANSMAS) coupling,
which becomes largest for values of tanβ = 1, but is suppressed for sgn(κ) = +1. Nonethe-
less, together with the large branching ratio of a into pairs of b-quarks, this branching ratio
is sufficiently large to render BP2 within reach of Higgs+visible searches with a projected
signal strength µ3000 fb
−1
Proj. (gg → A → h125a → bb¯bb¯) = 1.22 with 3000 fb−1 of data. With
300 fb−1 of data, the projected signal strength is µ300 fb
−1
Proj. (gg → A→ h125a→ bb¯bb¯) = 0.442
Since both H and A decay dominantly into pairs of top quarks, BP2 is very challenging
to discover with conventional search strategies.
4 Conclusions
The 2HDM+S provides a well motivated framework for analyzing the complex phenomenol-
ogy which may result from more complete models such as the NMSSM. The mapping from
both the general and the Z3 NMSSM to the 2HDM+S parameters is given in Ref. [1].
We have presented benchmark scenarios in the 2HDM+S optimized for three sets of
signatures which may be probed with 300 fb−1 of data at the LHC:
• A→ h125a , H → h125h ,
• A→ ah , H → hh , H → aa , and
• H → h125h125.
We have also presented benchmark points in the NMSSM previously published in Ref. [2],
which while being optimized for (A → h125a, H → h125h) show the complementarity of
the different possible channels, in particular decays involving a Z boson in the final state.
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